Hematopoietic stem cells (HSCs) are responsible for sustaining life-long blood formation or hematopoiesis and are also used clinically in a form of bone marrow transplantation, a curative cellular therapy for a range of hematological diseases. HSCs are maintained throughout adult life by a complex biological niche or microenvironment, which is thought to be composed of a range of cellular, molecular, and metabolic components. The metabolic components of the HSC niche have become of increasing interest over the past few years. It is now well-recognized that metabolic activity is intimately linked to HSC function, and dysregulation of these metabolic pathways result in hematological pathologies such as leukemia. Here, we review the recent progress in this field including our current understanding of the "dietary" requirements of HSCs and how nutrition influences HSC activity. These recent findings have suggested promising new metabolic approaches to improve clinical HSC transplantation and leukemia therapies.
Introduction
The blood or hematopoietic system plays numerous essential roles in human health and disease. Failure in blood system homeostasis results in a range of human diseases, from anemia and hemophilia, to immunodeficiency and allergy, or leukemia and lymphoma. Blood system homeostasis is sustained by hematopoietic stem and progenitor cells (HSPCs), which are mainly found within a complex bone marrow (BM) microenvironment or niche. Hematopoietic stem cells (HSCs) are thought to exist at the top of the hematopoietic "lineage tree" due to their multipotent differentiation capacity (allowing them to generate any adult blood lineage), and self-renewal capacity (the ability to replicate themselves) [1, 2] . However, HSCs are rare and largely quiescent during homeostasis [3, 4] . Steady-state hematopoiesis is instead thought to be sustained by hematopoietic progenitors (HPCs), the progeny of HSCs [5] , which proliferate and differentiate into mature blood cells through progressively more lineage-restricted cell states [6] . The maintenance and differentiation of HSPCs is tightly regulated by both intrinsic [7, 8] and extrinsic [9, 10] mechanisms. Dysregulation of these processes is thought to lead to the age-related decline in blood system function and related HSC aging, as well as hematological disease.
HSCs have been the focus of considerable clinical and biomedical research [11] . The unique multipotency and selfrenewal capacities of HSCs mean that following transplantation into a recipient, HSCs can reconstitute the entire blood system and sustain hematopoiesis long-term. This is basis of clinical BM or HSC transplantation (HSCT), which is a curative therapy for a range of hematological diseases [12] (including those mentioned above). Donor HSC engraftment and blood system reconstitution is dependent there being "space" in the recipient's HSC BM niche. While a number of BM conditioning regimens have now been suggested, in the clinical setting, it is usually achieved by chemotherapy and/or irradiation [11] . With the aim of improving HSCT and understanding mechanisms underlying hematological diseases, much effort has been spent identifying physical constituents of the HSC niche. It is worth noting that HSPCs have been identified in other tissues such as the spleen, muscle, liver, and more recently lung [13, 14] . The HSC niche provides the necessary molecular and metabolic interactions that sustain HSC function. Various cell types have now been identified as HSC niche components, which have been reviewed extensively elsewhere [9, 10] .
It has long been known that dietary and metabolic changes alter hematopoiesis. For example, Arthur Kornberg and others demonstrated over 60 years ago that amino acids were required for granulocyte and erythrocyte production [15] . However, only more recently has the metabolic requirements for HSC function become a focus of research. Here, we review the recent literature connecting HSCs and our diets, with a focus the last 2 years. This includes an overview of our understanding of the metabolic requirement of HSCs, a summary of how nutrient-sensing pathways modulate HSC function, and a discussion of recently proposed nutritional approaches to improve HSCT and treat leukemia.
The metabolic activity of HSCs
While adult HSCs are largely dormant (quiescent) under steady-state conditions, HSCs become activated and enter the cell cycle following injury, stress, or transplantation, to re-establish blood system homeostasis [16] . As discussed below, dormant and cycling HSCs have different metabolic activities and nutritional demands (Fig. 1 ).
Nutritional requirements of dormant and cycling HSCs
Dormant HSCs are thought to have low energy and biosynthetic requirements, as compared to actively dividing cells [17, 18] . Additionally, the HSC niche within the BM is hypoxic, and is thought to limit oxidative phosphorylation (aerobic respiration). Hypoxia and associated hypoxiainducible factor (HIF) activity are thought to play an important role in maintenance of HSC self-renewal [18] [19] [20] . As reviewed elsewhere [17, 18] , HSCs are therefore thought to heavily rely on anaerobic respiration, and genetic inhibition of glycolysis has been shown to inhibit HSC maintenance [21] . By contrast, proliferation is linked to oxidative phosphorylation [17] . While HSCs appear to require glycolysis to maintain function, Ito et al. have suggested that fatty oxidation also plays an important role in HSC maintenance [22] . Specifically, fatty acid oxidation was shown to regulate HSC fate decisions during cell division, implicating lipid metabolism in self-renewal.
HSCs have also recently been found to exhibit low rates of protein translation, suggesting a lower requirement for amino acids than other proliferative cell types for protein synthesis [23] . However, in a recent study, Taya et al. found that in vivo HSC maintenance was dependent on the amino acid valine [24] . Ex vivo HSC proliferation was also dependent on valine as well as cysteine. By contrast, reducing threonine improved ex vivo HSC maintenance, suggesting threonine (or downstream metabolites) could be playing a role negative role in HSC function. While cysteine was found to play an important role in biosynthesis of the antioxidant glutathione [24] , the metabolic roles for valine and threonine remain an open question. In a separate recent study, glutamine was shown to regulate HSC commitment into erythroid differentiation [25] , where it appears to play an important role in de novo nucleotide biosynthesis.
Vitamins are essential nutrients necessary for human health. Roles for vitamins A, C, and D in HSC maintenance have been recently been identified [26] [27] [28] [29] . Cabezas-Wallscheid et al. recently reported that vitamin A (and its oxidation-derivative retinol) regulated HSC dormancy. In mice, a vitamin A-free diet caused loss of HSCs following stress activation, by inhibiting the re-entry of HSCs into dormancy [26] . Vitamin D was recently shown to regulate HSC proliferation and self-renewal, as well as developmental HSC formation in zebrafish [27] . By contrast, depletion of vitamin C in mice was shown to increase HSC frequency and function [29] . Vitamin C is a co-factor for the enzymatic activity of the TET family of DNA hydroxylases, of which TET2 is a well-described negative regulator of HSC self-renewal [30] . Vitamin C is thought to act via TET2-dependent and independent pathways to limit self-renewal [29] . As discussed below, vitamin C was also found to regulate leukemogenesis [29, 31] .
Mitochondrial activity and autophagy regulate HSC function
Consistent with the idea that HSCs were heavily reliant on glycolysis, transplantable HSCs were found to have low mitochondrial activity [20] . However, while HSCs have low mitochondrial activity, they appear to have high mitochondrial mass [32] . Interestingly, genetic deletion of the RISP subunit of the mitochondrial electron transport chain complex III has recently been shown to cause loss of adult HSC quiescence and function, resulting in pancytopenia and lethality [33] . The importance of mitochondrial fusion for HSC lymphoid potential has also recently been identified by genetic deletion of Mitofusin2 [34] . These recent findings highlight the importance of mitochondrial activity in HSC function.
While HSCs can receive nutrients from their extracellular environment, cells can also recycle cytoplasmic proteins and organelles through autophagy, and even mitochondria by the related process of mitophagy. Interestingly, although HSCs reside in what is thought of as a nutrient-rich BM microenvironment [24] , autophagy and mitophagy are both implicated in HSC maintenance [35] [36] [37] . Autophagy has recently been shown to play an important role in HSC quiescence, with loss of autophagy resulting in an activated metabolic state, which inhibited self-renewal and promoted differentiation. HSC self-renewal is also thought to rely on mitophagy [37] . Additionally, aged HSCs were found to display reduced autophagy and this has been proposed to play a mechanistic role in the age-related decline in HSC function [35] . Therefore, although HSCs heavily rely on the BM microenvironment for nutrients; it is now clear that metabolic recycling also plays an important role in HSC maintenance.
Nutrient-sensing pathways regulate HSC function
Several studies have now linked dietary nutrition to HSC activity, highlighting the importance of nutrition on blood system homeostasis. However, as discussed below, these studies have largely focused on the role of nutrient-sensing pathways and the changing composition of HSC niche cells within the BM in these contexts.
Fasting and diabetes
One of the first demonstrations of the power of nutrition to enhance HSC function was provided by Cheng et al. who demonstrated that prolonged fasting (cycles of 48-h fasting) promoted HSC regeneration in mice [38] . Cheng et al. found that prolonged fasting acted via inhibition of insulin growth factor 1 (IGF1) signaling. It is worth noting that the kinetics of fasting likely play an important role in this regenerative phenotype because it was recently reported that chronic (life-long) calorific restriction does not alter HSC function [39] . A fasting-like state is also seen in diabetes. Interestingly, a retrospective analysis of patient records by Ferraro et al. found that diabetes negatively correlated with donor HSPC mobilization for HSCT [40] . Ferraro et al. went on to demonstrate that HSCs poorly mobilized in mouse models of diabetes, resulting in higher HSC frequencies in the BM. It was suggested that diabetes regulated HSC mobilization via the CXCL12-CXCR4 axis, a key HSC niche interaction [14] .
High-fat diets and obesity
While fasting appears to enhance HSC function, a number of recent reports have found that high-fat diets and obesity reduce HSC activity [41] [42] [43] . For example, diet-induced obesity is thought to promote HSC differentiation, particularly myeloid differentiation, at the expense of self-renewal [41, 42] . This leads to poor hematopoietic stress recovery, such as following treatment of the chemotherapy agent 5-fluorouracil [43] . It is thought that adipocytes (fat storage cells) play an important role in mediating this interaction [44] . Adipocytes are found within the BM, and adipocyte-HSC interactions have been recently identified [45] . For example, adipocytes have been found to transiently expand following BM injury such as irradiation, where they provide cytokines such as stem cell factor (SCF) to promote hematopoietic system regeneration [45] . However, accumulation of adipocytes within the BM in obesity or during aging is thought to impair HSC function [44] . Acute myeloid leukemia (AML) has also recently been suggested to drive bone marrow failure by perturbing BM adipocyte function [46] .
HSC-microbiome interactions
The microbiome is the symbiotic (and sometimes pathogenic) community of microorganisms in our bodies that are now known to play important roles in regulating mammalian health and disease [47] . The microbiome performs a number of important metabolic and immunological functions, particularly those residing within the gut [47] . Recently, novel microbiome-HSC axes have been identified [48, 49] . For example, the microbiome associated with obesity plays a role in promoting the BM adipocyte changes described above, which promote HSC differentiation [48] . The microbiome is also thought to influence HSC activity via BM mesenchymal stromal cells, another well-described HSC niche component [49] . Microbiome-hematopoietic system interactions are also thought to underlie the BM suppression induced by chronic antibiotic treatment, which causes microbiome depletion and results in loss of HSPCs, anemia, and pancytopenia [50] . Given the importance of the hematopoietic system in immune function, these studies highlight the importance of a healthy microbiome and the potentially detrimental consequences of antibiotic intervention.
HSC nutrient stress sensing pathways
Nutrient availability regulates the activity of nutrient stress sensing pathways, which in turn promotes or limits metabolic activity including protein synthesis [51] . These include the mammalian target of rapamycin (mTOR) [52] and integrated stress response (ISR) pathways [53] . Nutrient availability directly (and indirectly) regulate the activity of mTOR complex 1 (mTORC1), a central node in metabolic sensing and signaling [51] . A number of studies have demonstrated the importance of mTOR in HSC function, and have been recently reviewed elsewhere [54, 55] . Availability of several nutrients, including the essential amino acid leucine, is thought regulate mTORC1 activity via the GTPase RagA [52] . Interestingly, RagA was recently found to be dispensable for HSC function [56] , suggesting HSCs to be resilient to certain nutrient stresses.
The ISR pathway integrates a number of cellular stresses including amino acid availability and endoplasmic reticulum stress via phosphorylation of translational initiation factor 2a (eIF2a) to regulate protein synthesis, stress response genes, and ultimately apoptosis [53] . Interestingly, HSCs are thought to have high ISR activity under steady-state conditions, which makes them sensitive to additional ISR stresses [57] . It has been suggested that this ISR sensitivity helps to maintain integrity of the HSC pool by preventing expansion of damaged HSCs [57] . Therefore, while nutrients are substrates for cellular biosynthesis, it is also worth remembering that nutrients also act as signaling molecules that influence transcriptional and translational programs.
Metabolic opportunities to improve HSCT
While HSCT represents a potentially curative therapy for a range of hematological diseases, several challenges remain that can limit the use of this approach. These include the limited availability of donor HSCs for stable engraftment and the toxicity associated with current chemotherapy/irradiation-based BM conditioning. Over the last few years, a several metabolic approaches have been identified that may help to overcome these clinical challenges.
Metabolic approaches to HSC mobilization and expansion
Collecting sufficient numbers of HSCs from healthy donors without risk remains a major challenge for HSCT. HSCs can be collected by BM aspiration but more often are collected from the peripheral blood following HSC mobilization [58] . Traditionally, HSCs have been mobilized using granulocyte-colony stimulating factor (G-CSF) [58] . However, Oguro et al. recently found that cholesterol derivative, 27-hydroxycholesterol-induced HSC mobilization, and was synergistic with G-CSF, suggesting a novel way to improve HSC mobilization [59] . As relatively few HSCs can be harvested from a healthy donor, expanding HSCs ex vivo represents a rational strategy to improve transplantation dose [60] . Unfortunately, we are still unable to stably expand HSCs ex vivo, with HSCs quickly losing potency [60] . Interestingly, Guo et al. recently reported that enhancing glycolysis substantially improved human HSC expansion ex vivo [61] . These data suggest that through our research into HSC metabolism and nutrient dependencies, we may be able to further optimize conditions that sustain and expand HSCs for HSCT.
Metabolic approaches to BM conditioning
BM conditioning is a necessary step in HSCT to make space for donor HSCs to engraft [12] . The recent finding that HSCs were dependent on valine, has led to the proposal of metabolic BM conditioning approaches [24] . For example, dietary depletion of valine in mice for just 2-3 weeks resulted in loss of host HSCs and afforded donor HSC engraftment. Importantly, following treatment, all recipients recovered to full health and fertility, an outcome never achieved following irradiation conditioning [24] . While optimization of such a metabolic BM conditioning approach is required, these findings highlight the promise of safe metabolic and nutritional approaches in HSCT [62] .
Metabolic opportunities to improve leukemia treatments
Leukemia research is a broad and mature research field with leukemia encompasses a large number of genetically and phenotypically distinct blood cancers. Here, we focus on recently reported approaches to treat leukemias through metabolic approaches, with an emphasis on those that target nutritional dependencies of malignant HSCs, or leukemic stem cells (LSCs). LSCs are thought to retain many of the properties of HSCs (e.g., self-renewal, quiescence), which allow them to resist chemotherapy treatments and drive disease relapse in patients [63] .
Metabolic regulation of TET2 activity in leukemia
The identification of genetic mutations in the metabolic enzymes isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2) in AML [64] led to a search for mechanisms of metabolic corruption in leukemogenesis [65] . Wild-type IDH enzymes catalyze production of alpha-ketoglutarate, which plays a range of biological functions including as a substrate for TET2. By contrast, mutant IDH enzymes were found to catalyze production of 2-hydroxyglutarate, which acts as an inhibitor of TET2 activity [66] . Genetic mutation or loss-of-function of TET2 plays a well-described role in aberrant self-renewal and leukemogenesis [30] , and is one of the most commonly mutated genes in AML [64] . As mentioned above, vitamin C also regulates TET2 enzymatic activity and its depletion enhanced self-renewal activity [29] . Vitamin C depletion also accelerated leukemogenesis while high vitamin C inhibited leukemic progression [29, 31] . These findings highlight how nutritional status can regulate leukemogenesis through influencing epigenetic regulators of self-renewal.
Dysregulation of branched-chain amino acid metabolism in leukemia
Leucine, isoleucine, and valine are all branched-chain amino acids (BCAAs), a subset of essential amino acids. Besides their role in protein synthesis, BCAAs are thought to play a number of other important biological functions, such as in cellular nitrogen balance and energy production, and as mentioned above, the regulation of mTOR activity [67] . The enzymes responsible for the early steps of BCAA catabolism are shared, and include branched-chain aminotransferase 1 (BCAT1), which converts BCAAs into branched-chain ketoacids by transferring the BCAA amino group onto alpha-ketoglutarate (generating glutamate). It has been recently demonstrated that BCAT1 is overexpressed in a subset of AMLs and chronic myeloid leukemias (CMLs) [68, 69] . BCAT1 is overexpressed in TET2/IDH wild-type AML LSCs, where was shown to deplete its substrates BCAAs and alpha-ketoglutarate (Fig. 2) [68] . Here, it has been suggested to drive LSC self-renewal and leukemogenesis at least in part by reducing TET2 activity (as mentioned above, alphaketoglutarate is also a substrate for TET2).
In CML, an alternative mechanism for BCAT1 overexpression has been proposed [69] . BCAT1 catalyzes a reversible reaction, and can therefore be driven in reverse, generating BCAAs from branched-chain ketoacids (Fig. 2) . This Fig. 2 Emerging insights into branched-chain amino acid metabolism in leukemia. Chronic myeloid leukemia (CML) and acute myeloid leukemia (AML) leukemia stem cells overexpress the first enzyme in branched-chain amino acid (BCAA) metabolism, branched-chain aminotransferase 1 (BCAT1), which appears to play context-dependent functions in leukemogenesis. In CML (left panel), BCAT1 has been suggested to increase cellular concentrations of BCAAs to stimulate mTOR activity, to drive protein synthesis, growth, and survival.
In AML with genetically wild-type TET2 and IDH1/2 (right panel), BCAT1 has been proposed to catabolize BCAAs and alpha-ketoglutarate. The resulting reductions in alpha-ketoglutarate are thought to limit the activity of the epigenetic regulator TET2 (alpha-ketoglutarate is a substrate for its enzymatic activity), a negative regulator of self-renewal, thereby mimicking genetic TET2 loss-of-function mutations that are common in AML was proposed by Hattori et al. who found that in BCR-ABL driven CML, BCAT1 overexpression led to increased intracellular BCAA concentrations [69] . The BCAA leucine is a well-described mTORC1 agonist and the corresponding mTORC1 activity was demonstrated, which was suggested to promote aberrant proliferation and survival. Importantly, in both AML and CML displaying high BCAT1 expression, inhibition of BCAT1 activity blocked leukemogenesis and disease progression [68, 69] . These studies suggest BCAT1 and BCAA metabolism as a therapeutic target in leukemia.
Approaches to starving leukemia
As mentioned above, fasting has been shown to enhance HSC function [38] . Interestingly, fasting has also recently been found to block the development of acute lymphoblastic leukemia (ALL) [70] . It was further demonstrated that fasting prevented ALL development via blocking the upregulation of the leptin receptor. However, it is worth noting that fasting did not inhibit development of AML, suggesting disease-specific dependencies. By contrast, glutamine starvation has recently been suggested to synergize with tyrosine kinase inhibitors to inhibit certain myeloid leukemias [71] . Other researchers have also attempted to pharmacologically "starve" leukemias, such as using inhibitors of fatty acid oxidation. For example, pharmacological inhibition of carnitine palmitoyl transferase 1, a rate limiting enzyme in fatty acid oxidation, has proved effective in blocking leukemic proliferation [72] . Starvation can also be mimicked using mTOR inhibitions, which have also shown promise in inhibiting several leukemias [55] . Better understanding the different metabolic requirements of HSCs and LSCs will help to identify new targetable metabolic vulnerabilities for the safe treatment and cure of leukemia.
Conclusions
While the importance of good nutrition for a healthy blood system is well-recognized, we have only recently started to appreciate the complex metabolic interplay that regulates HSC activity and function. So far, a number of exciting metabolic approaches have already been proposed to help improve HSCT and treat leukemias. Most research todate has focused on metabolism of adult BM HSCs. Much remains to be learnt about the metabolic activity at other HSC sites [14] . Additionally, we are only just starting to understand the metabolic requirements for embryonic HSC development [27] , but such findings may help efforts to derive HSCs from pluripotent stem cells ex vivo. In other systems, metabolic activity has been recently shown to differ widely between the developmental stages [73] , suggesting embryonic and adult HSCs may also display distinct metabolic dependencies. We have also only recently begun to understand the role of metabolism in HSC aging [35, 44] . Given the fast-pace of HSC metabolism research today, we are confident that new metabolic approaches to modulate healthy and malignant HSCs will soon be identified, and that in the longer term these research efforts will improve the lives of patients with hematological diseases.
